Abstract: Equine brightness discrimination ability and color discrimination were measured using a two-choice discrimination task. Two Haflinger horses (Equus caballus L., 1758) were trained to discriminate 30 different shades of grey varying from low to high relative brightness. Their ability to distinguish shades of grey was poor, with calculated Weber fractions of 0.42 and 0.45. In addition, a "neutral point" test to determine the dimensionality of color vision was carried out. Three hues of blue-green were tested versus a range of grey targets with brightnesses similar to those of the blue-green targets. A neutral point was found at about 480 nm. Thus, we can conclude that horses possess dichromatic color vision.
Introduction
Even though horse eyes are among the largest in vertebrates (Roberts 1992) , their visual capabilities are considered to be poor, based on a low ganglion cell density and a low count of cones in the retina (Hebel 1976; Francois et al. 1980) . Hebel (1976) reported a ganglion cell density of 500 cells/mm 2 outside the visual streak and concluded that horses had poor spatial acuity. More recently, behavioral (Timney and Keil 1992) , electrophysiological (Ver Hoeve et al. 1999) , and histological studies (Harman et al. 1999) of visual acuity have shown a threshold (minimum separable) at 18.4 cycles/degree (1.7 minutes of arc), 10 cycles/degree (3 minutes of arc), and 16.4 cycles/ degree (1.9 minutes of arc), respectively (Borish 1975) .
Rods and cones in the horse retina have been described histologically . There is also behavioral evidence for a functional duality, indicated by a break in the flicker fusion frequency curve . Carroll et al. (2001) used flicker-photometric electroretinography and found evidence for two cone types in the horse. The presence of two distinct cone types (short-wavelength (S) and middle-to long-wavelength (M/L) cones) has also been demonstrated using immunocytochemical methods (Sandmann et al. 1996) . A gene expression study of the M/L opsine of the horse yielded a pigment with a spectral peak (λ max ) at 545 nm (Yokoyama and Radlwimmer 1999) .
The first behavioral investigation of equine color vision (Grzimek 1952) showed that the subjects distinguished yellow, green, blue, and red stimuli from several grey stimuli in a multiple-choice oddity task. Pick et al. (1994) tried to replicate Grzimek's findings using a two-choice discrimination task. The only animal they tested could distinguish blue and red from grey but was unable to learn to discriminate green. Smith and Goldman (1999) trained five horses to discriminate a colored panel from three different grey stimuli in a two-choice discrimination task. The three grey stimuli were presented with the color stimuli in random order. Three subjects were tested with four colors (blue, green, yellow, and red). One subject failed to discriminate yellow and green from grey, but the others were able to discriminate all four colors. A fourth horse was tested with green and yellow and a fifth horse with blue; both succeeded in the discrimination task.
More recently, brightness discrimination and color vision in horses were tested by Macuda and Timney (1999) . In the brightness discrimination test, their subjects performed well when the difference in brightness was large but were unable to distinguish grey panels when the difference was less than 0.2 log units. Both horses were able to distinguish red and blue from grey but had problems discriminating yellow and green from grey.
Dichromats cannot distinguish achromatic light from light of a wavelength that stimulates both cone types equally; such a wavelength or range of wavelengths is called the neutral point and is found only in dichromats (Jacobs 1981) . Although there is some inconsistency among reports of the range of colors that horses can identify, there is substantial agreement that horses can make limited chromatic discriminations in a way that suggests that they may be dichromatic. These data are also consistent with physiological data. Ver Hoeve et al. (1999) and Carroll et al. (2001) measured spectral sensitivity with flicker-photometric electroretinography. Ver Hoeve et al. (1999) found two maxima at 430 and 550 nm, while Carroll et al. (2001) reported two maxima at 428 and 539 nm. These results match very well the behavioral measurements of spectral sensitivity made by Macuda (2000) . Another strong indication of dichromacy is the shape of the wavelength discrimination function measured in the same study (Macuda 2000) . The function has a minimum at 480 nm, at the spot where a neutral point is to be expected given the existence of two cone types with absorption maxima at 430 and 550 nm.
In our study, brightness discrimination in horses was examined with a simultaneous two-choice task. The tests were designed to show how much two steps of grey had to differ in their relative reflection to be discriminated by the animals and how this discriminable difference in relative reflection varied from bright to dark stimuli. Furthermore, we tested whether horses have a neutral point.
Methods

Subjects
Two male Haflinger horses (Equus caballus L., 1758), Nathan (4 years old) and Dominik (24 years old), took part in the experiments. The experiments took place at a farm in Gruenau, Upper Austria, where the horses were also stabled. The horses' daily routine was not changed and they were not deprived of food during the test series. Before each session the horses had already been fed or were given access to a grazing pasture. Before the start of the test series, the eyes of both animals were examined by a veterinarian and were found to be normal.
Stimuli and apparatus
The experiments were conducted in a specially designed shed in constant artificial light conditions (model 5LS4127-2E, SITECO; 2 × 58 W, 236 V, 50 Hz). The ambient light was measured with a Minolta Chroma-Meter XY-1 colorimeter and was determined to be constant at 580 lux in front of the experimental apparatus. The subjects were tested with a simultaneous two-choice discrimination task. The testing apparatus was situated at the rear wall of the shed and consisted of a wooden board (160 cm × 100 cm) with two trapdoors (45 cm × 40 cm), each lockable from behind ( Fig. 1) . Both trapdoors contained a transparent front cover (30.5 cm × 30.5 cm) where the stimulus panels could be inserted. The trapdoors (including the stimulus panels) swung inward when the horse pushed with its nose against them and gave access to a food reward placed on a board behind the apparatus. Between the two trapdoors there was a wooden divider (40 cm × 100 cm) that forced the animals to choose one of the two stimulus panels at the minimum distance of 40 cm.
In the brightness discrimination test, the subjects had to choose the lighter of two grey panels. Thirty different greys were produced by exposing photographic paper in an arithmetic series of exposure times. The papers were fixed on plastic plates (30 cm × 30 cm) and covered with a nonreflective varnish. The relative intensities of the grey plates were measured (online densitometer, BACHER, Sulz, Germany), and the values were expressed as photographic density (D, the log of the ratio of the light incident on the film to the light transmitted by the film) and converted to relative reflection (reflected intensity/incident intensity; R (%) = 100 × 10 -D ). Table 1 gives the values of D, R, and luminance (cd/m 2 ) of all grey targets (1-30, where 1 is the brightest grey and 30 is the darkest grey).
Three different blue-green papers (Pantone) were used in the neutral point test. These were also fixed on plastic plates and varnished. The distribution of the spectral reflection of each of the colored papers (T1, T2, and T3; Fig. 2 ) was measured with a Zeiss spectrophotometer (MCS 230) .
The distribution of the spectral reflection of each grey plate was also measured (MCS 230, Zeiss) to ensure that the spectral distribution of the reflected light was the same over the entire spectral range (300-700 nm).
Procedure
The experiments were done between November 2000 and August 2001. We conducted 8175 trials: 3562 with Nathan and 4613 with Dominik. Training and test sessions took place 5 days a week at either 0600 or 0900. Pieces of apples or carrots were used as a reward for correct choices. To avoid olfactory cueing, food was put behind both trapdoors.
The horse was tethered behind a partition (see Fig. 3 ) that served as a visual barrier during preparation of stimuli and food rewards. To start the test session, the experimenter released the horse so that he could walk towards the apparatus (approximately 6 m from the partition). The experimenter remained behind the partition during the whole trial to prevent any influence on the horse's decision. The subject made its decision by pushing with his nose against one trapdoor to obtain a food reward. After the choice, the horse walked back behind the partition and the apparatus was prepared for the next trial. Behind the partition the horses were also stroked and praised by the experimenter as an additional reinforcement. Each test session consisted of a maximum of 31 trials. The positions of the stimuli were changed according to the criteria of Fellows (1967) . During a series of 20 trials, the positive stimulus appeared 10 times on each side and did not stay at one position more than 3 consecutive times.
Initial training
During initial training the horses were rewarded for approaching the apparatus and pushing their nose against either one of the stimulus panels. Then a very bright grey panel (G1) and a dark grey panel (G20) were presented and the animal was rewarded only for choosing the brighter panel, i.e., the other trapdoor was locked. As soon as the horses reached 90% correct choices in 31 trials, they had reached the learning criterion.
Brightness discrimination test
In the brightness discrimination task the minimum discriminable difference between two shades of grey for each step of grey in the 30-step series was tested. First, a relatively dark grey was presented with each grey until the subject reached criterion performance. Then the relative reflection difference between the two greys was successively reduced until the subject could no longer discriminate the two presented stimuli, which indicated the threshold had been reached. To minimize the number of trials, the tests followed a closed sequential statistical plan for an error probability of α ≤ 0.05 (Bauer et al. 1986 ). To get a result after a fixed number of trials, closed statistical sequential plans were developed using the binomial distribution. Thus, the number of trials for each combination of greys was not constant but depended on the performance of the subjects. The maximal number of trials per combination was 31. A positive result could be achieved with a minimum of 7 trials (all 7 correct), and a negative result with a minimum of 14 trials (7 correct, 7 incorrect). In any case, a decision was made after 31 trials, based on the algorithm developed by Bauer et al. (1986) . When the horses had finished one combination but had not yet completed 31 trials, the next combination was tested. For each session no more than two new combinations of greys were presented. The horses were reinforced with food only if they chose the positive stimulus, the brighter grey. The trapdoor with the darker grey was locked and the animals had no access to the food.
Point (range) of equal brightness
After the brightness discrimination test, the test for the point or range of equal brightness between a chromatic and an achromatic stimulus was carried out. Each color (T1, T2, T3) was tested against the series of greys, starting with the darkest grey (G30). Except for the discrimination of G30, G29, and G28 versus color, the animals always received a food reward during this test, i.e., both trapdoors were unlocked. The reason for this procedure was that the animal was still trained to choose the brighter stimulus and we did not want to change their criterion for their choice. Thus, a wrong choice was still negatively reinforced for discrimination of very dark greys from color, but no negative reinforcement was given for the rest of the scale.
Neutral point test
In the neutral point test, horses had to be retrained to choose color as the positive stimulus. We used three hues of blue-green (T1, T2, T3) as color stimuli. The color stimuli were tested versus greys that appeared equally bright to the horses, as determined by the test of the range of equal brightness. In this procedure, if the animals were able to discriminate color from all greys presented, one can conclude that color was perceived as a quality.
The brightest and darkest greys of the range of greys that the animal confused (i.e., showed no significant difference in choice) with the color were chosen for this training. For example, G6 and G22 were paired with color T1 for Nathan. In one session, the subject was presented with the color and one of the two steps of greys in a randomized sequence.
Testing for each color was finished as soon as the horse reached the criterion of 90% correct choices (18 correct choices out of 20 trials).
Results
Training
In the training, a dark grey (G20) and a bright grey (G1) were presented to the subjects. G1 was the positive stimulus. Nathan reached criterion performance (90% correct choices in 31 trials) within 6 days, whereas Dominik reached criterion performance in 14 days. One session (31 trials) was conducted per day.
Brightness discrimination test
The minimum discriminable difference between two shades of grey was measured. The test started with panels G1 versus G10. If the animal was able to discriminate the pair, G1 was tested against G9. The brightness of the negative stimulus was increased until the horse was no longer able to discriminate the panels. This step-by-step approximation to the threshold was repeated for all 30 grey panels. When the threshold was reached, one step above and below the threshold was tested again to ensure that performance was stable. The repetition never yielded a different result. Tables 2 and 3 show the results of the brightness discrimination test for Nathan and Dominik.
To compare the results for the horses with data for other species, the relative difference threshold or Weber fraction was calculated. Weber's law states that the difference between two stimuli that is just noticeable depends on the magnitude of the starting stimulus. The greater the magnitude of the starting stimulus, the greater is the just noticeable difference (∆I I / = k, where I is the intensity of the starting stimulus, ∆I is the absolute intensity difference threshold, and k is the relative difference threshold, i.e., the Weber fraction). Weber's law does not apply to very low and very high stimulus intensities, but such extreme stimulus intensities were not used in this experiment. The Weber fraction was calculated for each threshold as ∆R*/R, where ∆R* is the difference in relative reflection between the distinguishable greys (calculated for a choice frequency of 75%) and R is the relative reflection of the starting stimulus (see Tables 4  and 5 ). The mean Weber fraction for Nathan was 0.45 and that for Dominik was 0.42 (Tables 4 and 5 ).
Range of equal brightness
The blue-green panels T1, T2, and T3 were tested versus 30 shades of grey from very dark (G30) to very bright (G1) ( Table 6 ). Both animals chose color as the brighter stimulus when it was presented with dark greys and grey as the brighter stimulus when color was tested versus light greys. In between was a range where neither color nor grey was preferred. In this range color and grey seemed equally bright to the animals (see Table 6 ).
Neutral point test
Horses were retrained to choose color as the positive stimulus versus grey; only the positive stimulus was reinforced with food, i.e., the other trapdoor containing the negative stimulus was locked. Both horses needed between 4 and 6 sessions (80 to 120 trials) to reach the criterion of 90% correct choices in 20 trials. Nathan needed 6 sessions (120 trials) to learn to choose T3 as the positive stimulus and 5 sessions (100 trials) to learn to choose T2. Dominik learned to choose T2 as the positive stimulus within 4 sessions (80 trials) but needed 5 sessions (100 trials) to learn to choose T3. For one blue-green stimulus, T1, neither of the two subjects reached the criterion. They also were not able to distinguish T1 from greys of equal brightness. During the test series with color T1, both horses showed either strong side preferences or refused to continue the test.
Discussion
The first experiment showed that brightness discrimination ability is rather moderate in horses in comparison with other mammals, with Weber fractions of 0.42 and 0.45. These results are not very different from those that Macuda and Timney (1999) obtained for the horse. These authors reported that the horse could discriminate a difference in luminance of about 0.3 log units, which would correspond to a relative difference threshold (Weber fraction) of 0.5.
To date, very few species have been investigated with respect to brightness discrimination ability and, in the few studies available, different evaluation methods have been used, which complicates comparison of the data. Busch and Dücker (1987) tested two species of fur seals, Arctocephalus pusillus (Schreber, 1775) and Arctocephalus australis (Zimmermann, 1783) , with a series of 28 greys. The results for both species were similar. Griebel and Schmid (1997) calculated the Weber fraction from the data of Busch and Dücker (1987) to be around 0.30. Griebel and Schmid (1997) also conducted a brightness discrimination test with the West Indian manatee (Trichechus manatus L., 1758) and reported a Weber fraction of 0.35. They also tested two human observers under the same experimental conditions as the manatees and found a Weber fraction of 0.11. The results of the studies of the human subjects agree well with earlier results obtained by Cornsweet and Pinsker (1965) , who found a Weber fraction of 0.14 in humans. Another study tried to determine Table 1 . +, the pair of greys could be discriminated by the horse; -, the horse could not discriminate the two greys. Table 1 . +, the pairing of greys could be discriminated by the horse; -, the horse could not discriminate the two greys. Table 3 . Results of the brightness discrimination test for Nathan, a Haflinger horse. Note: n.s., not significant; +, the horse chose the brighter of the two panels significantly more often than it chose the darker panel; -, the horse did not choose one of the stimuli significantly more often than the other. Table 6 . Range of equal brightness of 3 blue-green panels (T1, T2, and T3) and 30 grey panels (G1 to G30) for two Haflinger horses, Nathan and Dominik.
thresholds of brightness discrimination with nocturnal kinkajou (Potus flavus Schreber, 1774), but did not succeed because the 20-part series of greys was not a fine enough scale (Chausseil and Löhmer 1986) . In a very recent study of brightness discrimination in dogs, Pretterer et al. (2004) found a Weber fraction of about 0.25 for three shepherd dogs.
Although all these studies varied considerably in methodology, ambient light levels, and the statistical criterion for thresholds, a certain pattern seems to emerge. Fur seals, manatees, dogs, and horses are all arrhythmic species, i.e., species that are active during the day as well as during the night. Their visual systems seem to be well adapted to both scotopic and photopic conditions. These visual generalists seem to have much higher thresholds of brightness discrimination than completely diurnal species such as humans. Unfortunately, we do not yet have any data on a true nocturnal species, since thresholds in the nocturnal coatis could not be determined.
Color vision in horses has been tested several times in the past, with equivocal results. Grzimek's (1952) horses were able to distinguish yellow and green from grey and could also perceive blue and red. Pick et al. (1994) tested one 19-year-old horse. It was able to perceive red and blue but failed to distinguish green from grey. Macuda and Timney (1999) obtained the same results as Pick et al. (1994) . Smith and Goldman (1999) tested five horses, which were all able to discriminate blue and red from grey. Only four of five could perceive green. Some of these previous studies did not take the precaution of making brightness an irrelevant cue. A further complication can occur when low background luminance causes interactions between rods and cones. During testing, photopic light levels are necessary. In this study, brightness discrimination ability was tested first and then the range of equal brightness was found for all three colors. In this way it was ensured that the experimental subjects made their decision on the basis of color cues only.
A number of authors (Pick et al. 1994; Macuda and Timney 1999; Smith and Goldman 1999; Ver Hoeve et al. 1999; Carroll et al. 2001) have suggested that horses are dichromats like most other mammals. Carroll et al. (2001) described the number of hues that could be discriminated as the most important difference between a dichromat and a trichromat. Human trichromats can distinguish approximately 100 different variations of hue. For dichromats, there are no intermediate hues; when two colors are mixed, the result is either achromatic or a desaturated version of one of the basic hues.
The wavelength discrimination function (best wavelength discrimination at 480 nm) and the spectral sensitivity function (two maxima at 429 and 545 nm) indicate that the neutral point of the horse could be around 480 nm (Macuda 2000) and this is exactly what we found. Our animals were not able to discriminate T1 from any grey that it was paired with.
The spectral distribution of color T1 shows a maximum at 480 nm (Fig. 2) ; therefore, it can be assumed that this stimulus excites both cone types equally and thus cannot be discriminated from achromatic (white, grey) light.
Thus, our results demonstrate in a behavioral experiment that there exists a neutral point in horses at about 480 nm, which indicates that horses are dichromats. These results agree with electrophysiological (Ver Hoeve et al. 1999; Carroll et al. 2001 ) and immunocytochemical measurements (Sandmann et al. 1996) that showed that horses have two types of cones.
